QCD effects on "stable" micro black holes at the LHC 
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Abstract 

If Micro Black Holes (MBHs) can be produced at the LHC, they will decay very fast. We study 
hypothetical MBHs that do not decay; in particular, QCD effects on accretion by MBHs that are 
produced at rest. We explain why accretion of a nucleon by such MBHs is associated with pion 
emission. This pion emission results in a kick to the MBHs, such that their velocities are large 
enough to escape the Earth. Our study provides an extra assurance that MBHs which might be 
produced at the LHC are not dangerous. 
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I. INTRODUCTION 



Hopefully, the LHC will reveal new physics at the TeV scale. One interesting possibility 



is that compactified extra dimensions wil 



manifest via O(TeV) Kaluza-Klein (KK) recur- 



rences of Standard Model (SM) particles Some of these scenarios unify SM gauge 

interactions and gravity at the Planck scale of the theory, Mp r = O(TeV). This suggested 
that Micro Black Holes (MBHs) can be produced at LHC, providing direct evidence for the 
connection of the new physics with gravity (see, however, 0]). 

The esoteric possibility that some of these MBHs are stable and eventually accrete the 
whole Earth has been raised. In a recent detailed paper Giddings and Mangano (GM) 3] 
showed that even if, contrary to basic physics laws, the MBHs keep accreting and do not 
decay, the catastrophic scenario is experimentally excluded. The strategy adopted by GM is 
extremely conservative and straightforward. To avoid any assumptions which is not directly 
backed up by observation they do not discuss the early stages of accretion by the O(TeV) 
initial MBHs. They show that MBHs produced by high energy cosmic rays stop in white 
dwarfs and neutron stars and destroy them. The longevity of these compact stars then 
completely and convincingly excludes all these problematic scenarios. 

In the following we complement the analysis of GM addressing the first few accretions by 
the initial small MBH of Schwartzschield radius 

Rsw ~ I*i = -^r ~10~ 17 cm- (1-1) 

Using a very mild assumption, that is, that QCD can be used, we conclude that the accretion 
cross section is smaller than the naive expectation. Moreover, the accretion is accompanied 
by pion emission. This results in a recoil for the MBHs that eject them from Earth, and 
with a large probability, from the solar system as well. Thanks to the model-independent 
work of GM no further arguments for the peaceful nature of putative LHC-produced MBHs 
are needed. Yet our independent discussion is interesting in its own right. 

We start by recalling the argument for the instability of accretion MBHs. Pair-produced 
MBHs carrying conserved charges can be stable. GM, however, emphasized that electrically 
charged MBHs produced by ultra high energy cosmic rays will stop in the Earth and consume 
it. This direct argument against charged MBHs suggests that strong electric fields exist near 
charged MBHs and discharge them via e + e~ pair creation. Conceivably we can still stabilize 
the produced MBHs by endowing them with some topological "charge" . This stabilizes only 
the ground state of the MBH, but not the more massive ones that can be produced via 
accretion. 

The key feature of a black hole is its ability to accrete any particle and increase its mass 
and corresponding Schwartzschield radius. Consider then the accretion of a low energy 
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photon 

MBH + 7 -f MBH'. (1.2) 

Energy-momentum conservation requires that such an absorption is allowed only if the MBH 
has an excited state with mass 

M(MBH') = M(MBH) + to, (1.3) 

with oj the photon energy. Since to can assume any value, we conclude that the final state, 
MBH', has a width, T, exceeding the energy u. This implies that MBH' should decay. 

Hawking radiation provides precisely such a width. A MBH of mass M and radius 
R = M/Mpi has temperature T ~ Mpj/M and effective level spacing of T. This then 
allows the reaction (11. 2p to go so long as u> ~ T. Indeed the required width of MBH' 
satisfies T(MBH') ~ T, the rate of emission of individual quanta in Hawking's "Black body 
radiation" , dN / dt ~ V ~ T. 

One can still arbitrarily postulate discrete levels of stable MBHs of increasing masses and 
Schwartzschield radii. We denote these discrete states as MBH n . Accretion of a nucleon, N, 
at rest by a slow MBH can now happen via the 2 — > 2 kinetically viable process 

MBH n + N — MBH m + X, (1.4) 

with MBH m heavier than the initial state, MBH„. The mass difference is less than the mass 
of the nucleon, mjy ~ GeV. This is in order to allow emitting the final particle x which can 
be a photon or pion. 

Production of particles of large mass M at the LHC is suppressed by the quick decrease 
of parton distribution functions. GM conservative upper limit for the total number of MBHs 
produced at LHC is about 10 10 (10 8 ) for M(MBH) ~ 1 TeV (4 TeV) of which at most a 
fraction of about 10~ 4 will be produced with velocities less than the escape velocity from 
Earth, i>^ c « 11 Km/sec or from the solar system, v^ sc ~ 45 Km/sec. 

The cross section for accreting a particle of velocity (3 on a large black hole is the geometric 
cross section enhanced by gravitational "focusing" of slow, /3 -C 1, particles 



2 



(1-5) 

where i?sw is the Schwartzschield radius radios of the MBH. For high energy MBH of size 
Lpj ~ TeV -1 , we can estimate the cross section by using (5 ~ 1 in eq. ( 11. 51) . This yields the 
result used in {7] 

a ac ~vr(L P1 ) 2 ~ l(T 33 cm 2 . (1.6) 

For the very slow MBHs which are gravitationally bound to the Earth with f3 < 3 x 10~ 5 , 
Eq. fll.5p would imply very large accretion cross section of about 10 _24 cm 2 . As we explain 
below, this estimate is not applicable for accretion of a nucleon. 
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In this work we discuss the effect of QCD on such non-physical MBHs that do not decay. 
In particular, we show that they are unlikely to accrete a nucleon, but rather, they interact in 
a two-body process which involves emission of a pion. The outgoing MBH has then a recoil 
kinetic energy that is large enough to escape the Earth, and likely also the solar system. 
Furthermore, due to QCD effects, the cross section for this process is strongly suppressed. 
The reason is that the MBH has to interact with a di-quark and not with a single quark. 

II. QCD EFFECTS IN THE FIRST COLLISIONS 

In all the estimates above we assumed that the accreted object is point-like. This is, 
however, not a good assumption in the first, sub nuclear stage of accretion. Then, the nucleon 
radius, ~ GeV -1 , is about 10 3 times larger than the size of the quantum MBH, i? S w ~ 
TeV -1 . Hence the probability to accrete the whole nucleon is highly suppressed. Accretion 
of a nucleon by slow MBH can happen via the "completely point-like configuration" where all 
three quarks are in a sphere of radius i?sw with tiny probability suppressed by (Rsw / Rn) 6 • 
Naively, the most likely process to occur is that when the MBH accretes a point-like quark. 
As we explain below, however, a single quark accretion is not possible. Thus, the most likely 
accretion process is when the MBH interacts with a di-quark inside the nucleus. 

Next we show that a MBH cannot accrete a single quark. The point is that if a single 
quark were accreted, the strong chromostatic field quickly generates, via the Schwinger 
mechanism, q — q pairs in the region immediately outside i?sw- One anti-quark then falls 
onto the MBH and color neutralizes it. The quark, on the other hand, combines with the 
"spectator" di-quark from the initial nucleon forming a color singlet state with a baryon 
number one. The lightest object with this baryon number is a nucleon. Thus, the original 
nucleon is regenerated and there is no accretion. 

The above argument is modified for the case of a di-quark accretion. In that case the 
quark out of the q — q pair created combines with the MBH to form a color singlet, and the 
anti-quark combines with the spectator quark forming a meson. The lightest such meson is 
a pion. In that case the MBH gains energy and accretion is possible. The accretion therefore 
proceeds via the following 2—^2 process 

MBH + N -> MBH' + vr. (2.1) 

A crucial point about the above process is that the resulting MBH has kinetic energy. In 
order to estimate this energy we note that the spectator quark along with the anti-quark 
created by the Schwinger mechanism have energy of order Aqcd, that is, about a third of 
m N . Thus, the pion momenta are k = 0(300) MeV. Since we care only about slow MBH, 
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the Earth frame is also the center of mass frame, and thus MBH' has a momenta similar to 
that of the pion. The corresponding velocity of the outgoing MBH is 

p „ 300 MeV 

1 M 1 TeV 1 v ; 

This velocity is larger than the escape velocity from Earth and even from the solar system. 
This leads to our basic observation: the first accretion results in a kick to the MBHs that, 
in the absence of any other interaction, would send them out of the solar system. 
We conclude this section with a few remarks: 

• In principle, we can have more particles in the final states. For such cases the MBH 
kinetic energy is somewhat suppressed. Yet, the probability for such events are highly 
suppressed. The reason is that the available energy released is less than half the nucleon 
mass, and thus it is very unlikely that another pion or photon would be produced. 

• The probability to produce a final state with no pion at the final state is suppressed 
by (Rsw/Rn) 3 ~ 10~ 9 , and thus not completely negligible. Yet, it takes hundreds of 
accretions for the MBH to reach the size of the nucleon, where the volume suppression 
is not important. The probability that all of them will be without emission of a pion 
is negligible. 

• The nucleon can be inside a nucleus. This, however, does not affect our conclusion. 
The reason is basically that the binding energy is much smaller compared to the energy 
of the pion, and can be neglected. 



III. CROSS SECTIONS ESTIMATES 



In order to see if indeed such a non-physical MBH will escape the Earth and the solar 
system we need to study its energy loss due to scattering off matter. For this we estimate the 
accretion cross section, cr ac , the scattering cross section, <r sc , and the kinetic energy transfer 
in each process, AE ac and AE SC . Using these cross sections and energy transfers, we can 
check if the MBH will escape the Earth and the solar system. 

We start with the estimate of AE ac . We consider the dominant 2^2 accretion, Eq. (12.11) . 
The kinetic energy transfer in each accretion is 

AE ac = E k (ont) - E k (m) ^ — + Pjl_H^l (3 n 
ky ' y ' 2M M 2 

where M is the mass of the MBH, k is the pion momentum, p is the initial momentum of 
the MBH and (3 is the initial velocity of the nucleon. The last negative correction reflects 
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the energy loss due to the gravitational binding of the accreted mass. The O(GeV) energy 
accreted in each step slightly increases the MBH mass and for the first few hundred collisions 
it is negligible. Note that for the MBH that was created with very small velocities, p is very 
small in the first accretion and the MBH can only gain kinetic energy. Yet, in subsequent 
accretions it may lose energy, depending on the relative direction of p and k. 

We next estimate <r ac . Our starting point is the naive geometrical cross section that 
applies to fast MHBs, Eq. (11.61) . There are several factors affecting this that we discuss 
below. Despite the fact that the quarks inside the nucleon are quasi-relativistic, the l/(3 2 
enhancement for the accretion of a point-like non-relativistic particle, Eq. (jl.5p . applies. 
The reason is twofold: During the time required for the MBH to traverse the nucleon, each 
quark traverses it back and forth 0(l/f3) times and therefore has 1/(3 chance to collide with 
the MBH. The second 1/(3 factor stems from the exothermic 2^2 accretion reaction. The 
flux and phase space factors in the cross section yields roughly (3f/(3 with (3f the velocity of 
the outgoing light particle. For elastic scattering this factor is one and thus irrelevant. Yet, 
in our case, the final pion is relativistic and (3f ~ 1. Thus we have an extra factor of 1/(3. 
Altogether the kinematic enhancement factor is 

/kin ~ j^. (3.2) 

A strong suppression factor is due to the fact that the MBH has to interact with two 
quarks. The cross section for accreting a "di-quark first" is suppressed by the probability 
for having a point-like configuration of two quarks of size Rsw'- 

/ 2q ~ (Rsw/Rn) 3 ~ 10- 9 . (3.3) 

(Note that this suppression is not operative for the very high energy MBHs produced by 
cosmic rays striking a nucleon, considered in GM, which accrete a quark and emerge as jets.) 

Some further suppression is caused by the existence of the excited colored MBH with 
extra energy a s /R for a time At ~ Rsw/ a 1- This provides the perturbative factor of 

/ per ~ a s ~ 0.1. (3.4) 

Collecting all factors above, that is, using Eqs. (I1.6p . (j3.2j) . (13. 3p . and (13. 4p we obtain 

1Q -43 

^ac ~ ^fc° X /kin X / 2q X f per — CHI 2 . (3.5) 

Elastic scattering cross sections and resulting energy losses are dominated by Rutherford- 
like gravitational interactions. The cross section is enhanced by the weight of the atom, and 
scales like A A , where A is the atomic mass. We consider collisions between a MBH of mass 
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M and a much lighter target of mass itlt = Amjq. The momentum transfer is q ~ ttlt (3 and 
the energy loss of the MBH is of order 



AE SC ~ m N A(3 2 . (3.6) 

When considering the elastic cross section, for simplicity we make the conservative as- 
sumption of neglecting any target form factors. The non-relativistic scattering amplitude 
can be written as 



M ~^! vdr = ^L drG " Mm -—^ ^ 

where we use as the reduced mass, d is the number of space dimensions, a is the distance 
where the gravitational potential changes from its Ad form, V ~ r" 1 , to V ~ r~^ d ~ 2 \ which 
is appropriate for d space dimensions. The relation between the Ad and the full theory 
parameters is [l| 

L 2 Pl a^ = (L* Pl ) 2+(d - 3) . (3.8) 

This leads to 

M ~ A 2 m%(L Pl ) 3 . (3.9) 
Using Lpi = TeV -1 , the corresponding scattering total cross section is then 

a sc ~ An\M\ 2 ~ 4vrA 4 ^g ~5x 1(T 45 A 4 cm 2 . (3.10) 

IV. THE EARTH AND THE SUN 

Equipped with the relevant cross sections and energy transfers, we can check the fate of 
a non-physical, slow, accreting MBH. That is, what are its chances to escape the Earth and 
the solar system? 

We start with the Earth. We consider an extremely slow, earth-bound MBH with (3 < 
3 x 1(T 5 . From Eq. <K5§ 

a ac ~ l(T 34 cm 2 . (4.1) 

The MBH then has a mean-free path for accretion in material of density p 

1 2 x 10 5 Km /A . 

Lac = « 3, (4.2) 

n cr ac p cm 6 

where n = p x A^Avogadro- Using the average earth density, p ~ 5.5 cm 3 , we have 

L ac ~ 4 x 10 4 Km > R E , (4.3) 
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where Re ~ 6.5 x 10 3 Km is the Earth radius. For the elastic scattering cross section in the 
Earth we assume the Earth is pure iron, that is, we take A = 56. Using Eq. (I3.10p we get 

a sc ~ 2 x 10 -38 cm 2 . (4.4) 

We see that in the Earth the accretion cross section, (14.11) . is much larger than the scattering 
cross section, (14. 4p . In particular, the mean-free path for elastic collision is much larger than 
the Earth's radius. Thus we neglect the elastic collisions and consider only accretion. Since 
the accretion mean- free path, L ac , is larger than the Earth's radius, most of the slow MBHs 
will escape the Earth already after the first accretion. If, however, this does not happen, 
then in subsequent accretions the total recoil momentum keeps "random walking" and on 
average the recoil energy builds up. This build-up is given by Eq. (13.11) . and in the case of 
the Earth, the first term dominates the other two. Thus, the MBH keeps on gaining energy 
and we find that the MBH would escape the Earth after at most few accretions. This is one 
of our main results. 

Next we study non-physical MBHs in the Sun. MBHs ejected from Earth with v > 
45 Km/sec escape the solar system. Even if they escape the Earth with smaller velocity, 
many of them will remain bound in Keplerian orbits in the solar system. We have to consider, 
however, the small fraction, /, of the MBHs that can hit the sun. High energy MBHs, whose 
orbits are hardly affected by the gravitational field of the Sun, are not a problem. First, 
only a very few of them, / ~ (i?s un /l A.U.) 2 ~ 5 x 10~ 6 , will hit the sun. More importantly, 
as noted by GM, these do not stop in the sun anyway. 

For those MBHs which have been produced initially (or ejected due the recoil in the first 
few accretions from Earth) with small velocity, / is considerably enhanced by about a factor 
of (v* un /v) 2 . Here v is the MBH velocity and v* un ~ 600 Km/sec is the escape velocity from 
the surface of the Sun. This gravitational focusing results in an enhanced fraction of slow 
MBHs hitting the Sun, / ~ 10~ 3 . 

Once the MBH reach the sun its velocity is much larger due to the gravitational potential. 
At the surface of the Sun the velocity is increased by about 600 Km/sec while at the center 
of the Sun (assuming no collision on the way) it reaches a velocity of about 1300 Km/sec. 
The issue at hand is thus to find out if interaction of the MBH can change its velocity so 
that it will escape from the Sun. 

In order to get the relevant cross sections we use j3 ~ 3 x 10~ 3 . We also recall that the Sun 
is mainly hydrogen with about 1% (by weight) Iron. Despite the fact that the sun has small 
amount of Iron, due to the coherent enhancement the elastic cross section is dominated by 
Iron. (In the Sun's core a sizable fraction of the mass is He 4 , but this does not change the 
conclusion that Iron dominates the scattering cross section.) Using (13.101) and the fact that 



Iron is 1% of the Sun we get the weighted average cross section 



(j sr ~ KT 40 cm 2 . 



(4.5) 



This value has to be compared with the accretion cross section in the Sun, which is mainly 
for protons. Using Eq. (13.51) we obtain 



Hence also in the Sun, scattering can be neglected compared to accretions. Using Eq. (14. 2 p 
and p ~ 1.4g/cm 3 we find that the mean-free path is 10 9 Km ~ 10 3 i? sun . Further focusing 



r = i? sun to about 1300 Km/sec at the center of the Sun, may increase the effective density 
encountered and somewhat decrease the mean-free path. 

While most of the MBHs will not interact in during their first passage through the Sun, 
they will be in Keplerian orbits and keep on returning to the sun. Eventually, after about 
10 4 years they will interact in the Sun. The energy transfer in an accretion in the Sun is 
given by (13. ip . Since the velocity of the MBH while in the sun is large, the second term 
in (13.11) . that is, p ■ k/M is dominant. In about half of the cases the MBH will increase its 
velocity and will escape the Sun and the solar system. In the remaining cases, however, 
the MBH will slow down, and will keep traversing the sun until it interacts again. We need 
about 10 6 accretions in order for the MBH to become as large as the proton. Then, it is 
more likely for the MBH to accrete the whole proton rather then the di-quark inside it. 
Effectively, however, after about 10 accretions the recoil of the MBH becomes very small. 
Therefore, we assume that if after the first 10 4 interactions the MBH did not escape from 
the sun, it will stay there. 

The question is, therefor, what is the probability for the MBH not to escape the sun 
within its first 10 4 interactions. The answer is that the probability is exponentially small. 
Roughly, it takes about iV 2 steps in a random walk problem to reach a distant N. Thus, 
if we start at the center of the sun where a recoil energy is about 10 _1 of the gravitational 
energy, it takes about 10 2 accretions to escape the sun. Thus, the probability to stay after 
about 10 4 is exponentially small. To verify this argument we performed a simple Monte Carlo 
simulation and found that in about 10~ 4 of the cases the MBH will not escape the Sun within 
its first 10 3 interactions. Our simulation is very simple, and we did not include planetary 
perturbation. Such perturbations can be very important as they can shift the orbit of these 
highly eccentric orbits, such that they will miss the Sun. Performing a detailed simulation 
is beyond the scope of this work. Recalling that only very small fractions of the MBHs are 
produced with small velocities, and most of them will escape the solar system in the first 
place, we conclude that also the Sun is safe. 




(4.6) 



towards the center of the Sun due to the increasing v, 



escape 



from about 600 Km/sec at 
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V. CONCLUSIONS 



Micro Black Holes are new states where quantum gravity is expected to play a significant 
role. Their name, however, should not mislead one to think that they are classical black 
holes. That is, they are quantum states and thus should obey the laws of quantum mechanics. 
In particular, they must decay, and thus they cannot be problematic. 

Even if one assumes that they do not decay, data show that they cannot be problem- 
atic [7]. Our work provides one more aspect of the peaceful nature of such hypothetical 
MBHs. The point is that we use QCD to study how the MBHs interact. QCD is a well 
proven theory and thus the assumption is well founded. 

Our main observation is that the first accretions by the MBH are accompanied by a pion 
emission. This pion emission results in a kick to the MBH which sends it out of the Earth 
and the solar system. 
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